[1] We present a statistical analysis on the plasmaspheric mass density derived from the field line resonance (FLR) observations by the Mid-continent MAgnetoseismic Chain (McMAC). McMAC consists of nine stations in the United States and Mexico along the 330 magnetic longitude, spanning L-values between 1.5 and 3.4. Using the gradient method and an automated procedure for FLR detection, we studied a full year of McMAC observations between July 2006 and June 2007. We find that the rate of FLR detection can reach as high as 56% around local noon at L = 2.7, and the detection rates at higher and lower L-values decline due to the occasional presence of the plasmapause and weaker FLR signals, respectively. At L-values between 1.8 and 3.1, the inferred equatorial plasma mass density follows the L-dependence of L
Introduction
[2] The understanding of plasma density variations in the magnetosphere can help predict space weather and its effects on space systems. For instance, particle heating and instability growth rates can be strongly influenced by the presence and concentrations of low-energy core plasmas. Spacecraft charging and the resulting risk of damaging spacecraft electronics can also be mitigated by core plasma. Furthermore, an accurate density model is needed by the numerical modeling of global magnetospheric properties and processes in a realistic environment.
[3] Inferring the plasma mass density in the magnetosphere through ground-based observations of field line resonance (FLR) frequencies started in the early years of space physics [Obayashi and Jacobs, 1958] . In the 1970s more accurate determination of FLR in ground data was performed by identifying the phase reversal across the resonance latitude [see, for example, Webb et al., 1977] , following the phase variation in the FLR theory as predicted by Tamao [1966] , Chen and Hasegawa [1974] , and Southwood [1974] . After Baransky et al. [1985] developed the concept of FLR detection in ground data and Waters et al. [1991] obtained successful results with modified techniques, ground-based observations of FLR have opened up a new window of estimating the plasma density in the magnetosphere. The inferred density from FLR is unique as it represents the mass density in the magnetosphere, containing contributions not only from H + but also from heavy ions.
[4] Since the 1990s dozens of studies have made use of the FLR method to study ground-based magnetic field observations for investigation of the characteristics of the inferred magnetospheric mass density. For example, Vellante and Förster [2006] examined the consistency between the plasma mass density model and FLR frequencies, Berube et al. [2005] used FLR observations to develop models of plasmasphere density, and Vellante et al. [2007] identified how the solar radiation controls the FLR frequencies/inferred density. Some other studies demonstrated the capability of using FLR observations to monitor the plasmapause motion [e.g., Menk et al., 1999 Menk et al., , 2004 Milling et al., 2001] . The comparison between the FLR-inferred mass density and space-borne observations, including the EUV images of the plasmasphere and plasma density derived from wave experiments, has shown good agreement in terms of the region of measurement [e.g., Dent et al., 2003; Grew et al., 2007; Obana et al., 2010] . A subject of interest to many is the response of plasma mass density during magnetic storms, and studies have shown that the plasmasphere can undergo significant depletion or density enhancement due to the interaction with the disturbed ionosphere [Chi et al., 2000 [Chi et al., , 2005 Vellante et al., 2002; Dent et al., 2006] .
[5] As the technique of FLR sounding becomes mature, statistical studies that can provide overall characteristics of the inferred plasma mass density are still rare and limited in spatial coverage. The insufficiency of statistical studies on FLR sounding is mainly due to the technical reality that the identification of FLR signatures in data has mostly been performed by visual inspection. Statistical analysis on a large data set can be made possible only through automatic FLR identification, allowing us to be certain about the empirical behaviors of density variations in response to different solar and geomagnetic conditions.
[6] In this paper, we present the results of FLR sounding based on the first year of observations by the Mid-continent MAgnetoseismic Chain (McMAC). We developed an automated program for FLR detection in McMAC observations and built a database of fundamental mode frequencies for L-values ranging from 1.6 to 3.3. With this database we analyzed the statistical trends of the inferred plasmaspheric mass density. The results show that the equatorial mass density of the plasmasphere has an L-dependence of L
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and an annual variation similar to those in ionospheric and thermospheric densities. We also analyzed the local time distribution of plasmaspheric mass density, and the results show a rise in density in afternoon hours for all the latitudes studied and further density increases in evening hours between 2 and 3 in L-values.
[7] In the following section, we describe the construction of McMAC magnetometers and the site selection. Section 3 introduces examples of the FLR observations by McMAC and how our automated algorithm identifies FLR signatures from a full year of data. Section 4 describes the statistical results of the inferred plasmaspheric mass density, including its dependence of the L-value, the local time distribution, and the annual variation. We conclude by discussing the results consistent with our previous understanding, as well as those that are unexpected.
Mid-continent MAgnetoseismic Chain
[8] In addition to providing the observations for composing geomagnetic indices and inferring electric currents in the ionosphere and the magnetosphere, suitably located groundbased magnetometers can be used to monitor the mass density of magnetospheric plasma through the observations of field line resonance. The resonant frequency depends on the magnetic field strength and mass density along the field line. Because the magnetic field is well modeled, especially in inner L-shells, the mass density can be inferred by the observed resonant frequency provided that a reasonable field-aligned density distribution is assumed. The frequency of FLR depends most strongly on the mass density in the equatorial region where wave velocity is the lowest [e.g., Dungey, 1954] , making the estimate of equatorial mass density vary more weakly with changes in the assumed field-aligned density distribution.
[9] The pulsation spectrum, however, is inevitably composed of contributions from both driving waves and resonating waves [Kurchashov et al., 1987] , and in many instances the upstream waves in the foreshock region [e.g., Troitskaya, 1994; Chi et al., 1994] and the Kelvin-Helmholtz instability on the magnetopause [e.g., Samson, 1972] constitute a significant portion of wave energy. The difficulty in distinguishing the resonant wave from the driving wave was resolved by Baransky et al. [1985] and Kurchashov et al. [1987] who devised the so-called "gradient method" that makes use of the observations by two ground-based magnetometers located on the same longitude but closely separated in latitude. By comparing either the amplitude or phase of the wave signals at the two observatories, one can filter out the source signals and thus identify the characteristics of resonant waves.
[10] Following the simple profile of a resonant wave [e.g., Pilipenko and Fedorov, 1994] under the typical magnetospheric condition when the Alfvén velocity slowly decreases with latitude, Figure 1 depicts the phase differences and amplitude ratios expected in the observations by a pair of ground stations. Similar diagrams have appeared in several previous studies, such as Baransky et al. [1985] , Waters et al. [1991] , and Kawano et al. [2002] . The left panel shows the latitudinal profile of amplitude and phase for three different frequencies. For each frequency the phase undergoes a transition centered at the resonance point by close to 180
. If two ground stations at different latitudes are located close to the resonant location, a noticeable difference in phase can be observed by the two stations, and the phase difference as a function of frequency maximizes at the frequency associated with the resonant field line midway between the two stations. The amplitude ratio as a function of frequency also experiences a transition across the resonant frequency from minimum to maximum. It is possible to use either the observation of phase differences or that of amplitude ratios to identify FLR frequencies, and Russell et al. [1999] provided a comparison between the two approaches as well as the technique using the H/D ratio observed by a single station. In the region near the plasmapause or in the topside ionosphere the Alfvén speed can increase with latitude, the phase function in Figure 1 switches signs and the phase differences become negative [see, for example, Waters, 2000; Kawano et al., 2002] .
[11] The nine McMAC magnetometer stations were established to make use of the above principles of FLR sounding to systematically observe the variations of plasmaspheric density from the ground. Figure 2 and Table 1 show the locations of the McMAC stations and the Cambridge station previously installed as a part of the IGPP-LANL magnetometer array. The McMAC stations are placed as close to the 330 magnetic longitude as possible. The major motivation is that this is the meridian in the world where land covers the greatest continuous range in magnetic latitude. Observations at the same local time do not suffer from the possible azimuthal phase differences that could result from the separation in the east-west direction. Along this meridian the "Churchill Line" of CARISMA magnetometers have been established to provide coverage in central Canada. Between the U.S.-Canada border and the Pacific Ocean on this meridian there is still land stretching more than 3000 km for possible implementation of ground-based magnetometers. In light of previous studies suggesting that the maximum spacing between stations for effective use of the gradient method should be below 540 km [Menk et al., 1999] , the locations of McMAC stations were chosen so that the average separation between adjacent stations is 272 km. The local time of the chain is approximately 6.5 h behind Universal Time (UT).
[12] Each McMAC station is equipped with a threecomponent fluxgate magnetometer that has an identical design to those developed for the THEMIS ground-based magnetometers [Russell et al., 2008] . The sensors are connected to a 22-bit analog-to-digital converter in a low-noise electronic environment, and the magnetic field vectors are returned with a digitization resolution of 9.5 pT. During the installation the magnetometer determines the offset currents in the three components to compensate the background magnetic field, and the field fluctuations are measured with a dynamic range of 5000 nT. The noise floor is ffi 10 À3 nT 2 / Hz, and the data are sampled at 2 Hz, allowing studies of magnetic fluctuations with frequencies ranging from DC to 1 Hz. Also included in the magnetometer system are a PC for data acquisition and storage, a GPS antenna for accurate timing, and a small battery for mitigating power brownouts. At all McMAC stations the magnetometer system is connected to the Internet and can transmit data to the data center at UCLA for monitoring the operation. [14] As summarized in the previous section, the gradient method is a powerful technique to detect FLR frequencies with a pair of well-positioned magnetometer stations. Figure 4 shows an example of FLR detection using the measurements from the McMAC Worthington and Bennington stations during 31 July 2006. The colors in the Figure represent the phase differences observed between the two stations, and this so-called "cross-phase spectrogram" is an effective way to reveal FLR frequencies where phase differences are expected to peak (cf. Figure 1 ). In Figure 4 the majority of large phase differences appear on the right side of the spectrogram, which in most part corresponds to daytime hours. The gradient method also examines other properties of the cross-spectrum, such as the coherence and amplitude ratio, to determine if the result is in fact consistent with an FLR signature.
Data
[15] Because identifying FLR frequencies in a large amount of data is very time-consuming, we have developed a computer program that automates the process. The basic elements in the gradient analysis are the power spectral density for the observation at each station and the crossspectra, including the phase and coherence, between the stations. Using the Fast Fourier transform, we calculated these values for each time window of 2048 s and advanced 600 s for each time step. We also examined the statistics of the values within a time-frequency box that spans 5 points in time (i.e., 50 min) and 7 points in frequency (i.e., 3.4 mHz) before determining if the results are consistent with a FLR signature. The selection criteria for FLR frequencies include: (1) It is a peak in the phase-difference spectrum; (2) The t-statistic, i.e., the local average divided by the local deviation, of phase differences in the time-frequency box is no less than one. This t-statistic is a useful measure for the significance of a peak. (3) The coherence is no less than 0.5. (4) The amplitude ratio at the frequency has a positive 0 3 6 9 12 15 18 21 24 slope. These criteria are in principle consistent with those used by Berube et al. [2003] except that we added Criterion (3) on the minimum coherence to ensure that sufficient power of coherent signals was seen by both stations. As we focus on the fundamental mode frequency in this study, we also devised the following additional features in our algorithm for automatic FLR identification: (5) The program makes the selection without the need to specify the possible frequency range. (6) The selected frequency needs to vary less than 3 mHz per 10 min and to persist for at least 30 minutes. An example of FLR identification is shown in Figure 4 , where white squares represent the initial selection of frequencies using Criteria (1), (2), and (3), and black circles are those that also satisfy Criterion (4). The magenta crosses denote the FLR frequencies that satisfy all the six criteria, and in this example the fundamental mode frequency varied between 12 and 26 mHz during the day. The gradual decline in FLR frequency in afternoon hours is a phenomenon often seen in McMAC observations, and we will return to this point later.
[16] We studied a full year of data collected during July 2006 to July 2007 when all the ten stations listed in Table 1 operated for more than 80% of the time over one consecutive year. The ten magnetometer stations form nine pairs of neighboring stations, and Table 2 lists the L-values of their midpoint locations. Depending on the station pair, the selection criteria we used identified up to 2051 h of positive FLR detection in a year of observations. Figure 5 shows, for each 1 h bin in UT, the ratio of the number of hours with FLR detection divided by the total hours of observations. Hereafter, we refer to this ratio as the rate of FLR detection. The L-value noted for each distribution is associated with the midpoint of the station pair. We excluded the result for the Lyford-Linares pair at L = 1.5 because its maximum FLR detection rate was merely 0.6%. We should note here that the rate of FLR detection can be influenced by many factors, including the occurrence of FLR in the magnetosphere, wave amplitude of FLR, the distance between the two stations, and the criteria used in FLR selection. Specifically, the selection criteria used in this study may miss the FLR occurring within the plasmaspheric boundary layer where the phase difference can be negative.
[17] Of all the nine station pairs, the BenningtonAmericus pair at L = 2.4 observed most FLR events, for which the maximum detection rate reached 56% at around noon. The next two station pairs toward higher latitudes (L = 2.7 and 3.1) observed slightly less FLR events, but at noon the detection rates can still reach approximately 45%. The detection rate observed by the Glyndon-Cambridge pair at L = 3.3, on the other hand, drops significantly, and its peak hour shifts to approximately 1530 UT (or 0900 in local time). We believe that the reduced FLR detection at L = 3.3 is due to the increased likelihood of the presence of the plasmapause (see section 4 for details). The station pairs at L-values lower than 2.4 also observed fewer FLR events, and we consider that the lower FLR detectability at lower latitudes is in part due to the reduced wave amplitude, as exemplified by Figure 3 . We note that the rates of FLR detection shown in Figure 5 are lower than those reported by earlier studies. Studying the observations from two magnetometers at L~1.7, Berube et al. [2003] found FLR signatures in 243 of 341 days (71%). Since they studied the data during 2000-2001, the higher rate of FLR detection might partly be helped by the stronger magnetic fluctuations at solar maximum. In an earlier study by Waters et al. [1994] who visually inspected 21 consecutive days of data in October and November 1990, the authors reported that FLR was observed almost every day at L = 1.8 and 2.8. We think that the lower FLR detection rates we obtained are likely associated with our coherence criterion for automatic selection, and weak FLR amplitude observed by either station can lead to low coherence and be rejected by the selection process.
FLR Frequency and Inferred Plasma Mass Density
[18] Figure 6 presents the histograms of the fundamental mode FLR frequencies (f 1 ) observed by eight station pairs over a period of one year. For the region between the ionosphere and the plasmapause, the FLR frequency at the peak of distribution shifts toward higher values with decreasing Lvalues of observation, as expected. The f 1 observed by the Glyndon-Cambridge pair at L = 3.3 contains not only a group of lower frequencies centered at 7 mHz but also a group of higher frequencies centered at 37 mHz. The Figure 6 can be translated to plasma mass densities for the associated L-shells. In this study we focus on the plasma density distribution inside the plasmasphere and exclude the observations at L = 3.3 because many of them were made in the plasmatrough. We also exclude the results at L = 1.5 and 1.6 due to low event counts. The principles for estimating density were described by Cummings et al. [1969] , assuming that (1) the background magnetospheric field lines are dipolar; (2) the plasma mass density varies along the field line as r / r Àm ; (3) the oscillation propagates as a noncompressional Alfvén wave along the magnetic field line of interest and undergoes a perfect reflection from the ionosphere. We used m = 1 for the field-aligned density distribution to be in agreement with the findings by Takahashi et al. [2004] and by Vellante and Förster [2006] . The function r / r Àm cannot well model the sharp density at ionospheric heights and the region immediately above, but we note that estimation of plasma mass density from FLR places a much heavier weight on the region near the equatorial plane because the Alfvén wave spends most of the travel time there [e.g., Denton and Gallagher, 2000] . The upper panel in Figure 7 shows the mean values (in open diamonds) of the estimated equatorial mass density (r m ) at L-values between 1.8 and 3.1, and the associated standard deviations indicated by error bars. The L-dependence of r m well follows L À4 indicated by a dashed curve, a dependence inversely proportional to the flux tube volume.
[20] An important aspect of the mass density is that it provides the opportunity to compare against the electron density and assess the significance of heavy ions in the plasma. As our FLR-inferred mass densities are statistical results based on one year of observations, we examine the empirical model of electron density for comparison. The open circles in the upper panel of Figure 7 show the equatorial electron density in the plasmasphere as modeled by Ozhogin et al. [2012] , and the error bars indicate the standard deviations of model values. The Ozhogin et al. [2012] model is to date the most comprehensive plasmasphere model based on IMAGE RPI observations [Reinisch et al., 2000] , and the model was built upon more than 700 density profiles derived from active sounding measurements between June 2000 and July 2005. As shown by Ozhogin et al. [2012] , this new model delineates a radial profile of equatorial electron density that is close to the average values between other plasmasphere models [Carpenter and Anderson, 1992; Gallagher et al., 2000; Sheeley et al., 2001; Denton et al., 2006] , and one of the advantages of this model is its coverage at low L-values down to 1.6. The electron density has values that are equal to or lower than those of the mass density, but its fall-off rate with respect to L is slightly lower. The comparison between the two densities yields the average ion mass (M i ) plotted in the bottom panel of Figure 7 [21] As described earlier, we often see during afternoon hours a gradual decline in the FLR frequency, or equivalently a rising level of mass density, but not until we examined a large number of days were we able to verify the statistical significance of this trend. Figure 8 shows, for each hourly bin at four selected L-values, the median value, the first quartile, and the third quartile in the distribution of the equatorial mass density. At all these L-values, the mass density stays relatively steady in the morning hours between 0700 and 1200 LT, and it rises in the afternoon with a different level of enhancement at each L-value. At L = 2.1 and 2.7, the afternoon rise in mass density continues in evening hours when the maximum density is 2-3 times of the prenoon value. At L = 1.8, the local time dependence may not appear as strong, but there are not enough FLR events detected in late afternoon hours to reveal the density level. The density level at L = 3.1, on the other hand, rises only in the afternoon but reverses trend in the evening.
[22] Figure 9 shows the long-term variations in the equatorial mass density at L = 2.4, and the 10.7 cm solar radio flux F 10.7 (as a proxy for solar EUV radiation) and the Dst index for comparison. Previous work by Vellante et al. [2007] has demonstrated that the fundamental mode frequency f 1 at low L-shells is linearly proportional to À F 10.7 and that "anomalous" values of f 1 could occur during magnetic storms. Following Vellante et al. [2007] , we also used the mean of the observations during 0900-1600 LT for daily density values, but we do not see a clear correlation between r m and either F 10.7 or Dst. The two results are not necessarily contradictory, however. The interval studied by Vellante et al. [2007] is immediately after a solar maximum, whereas in our study the data were collected during a period of very low solar and geomagnetic activities. If we adopt the empirical relationship found by Vellante et al. [2007] , the largest monthly variation in F 10.7 during the interval in our study only changes in f 1 by about 10% (or in r m by 20%), a difference not easily discernible in Figure 9 .
[23] On the other hand, the low solar and geomagnetic activity provided an opportunity to examine the annual variation of mass density that is visible in Figure 9 . To assess the magnitude of the annual variation, we plot in the Figure a sine function determined by fitting the daily r m values. The fitted sine function centered at 2059 amu/cm 3 is minimum at 1571 amu/cm 3 in July and maximum at 2547 amu/cm 3 in January. From the minimum to the maximum the density rises by 62%, an amount slightly higher than the increase of 21-44% found at L = 1.6-1.8 by Vellante et al. [2007] .
Discussion
[24] Our statistical survey using one year of McMAC observations demonstrates not only many results in good agreement with previous studies but also a few surprises. The normalized distribution of FLR detection in Figure 5 confirms that FLR is mostly observed during daytime hours. Although FLR has been observed in the nightside magnetosphere [e.g., Hughes et al., 1979] , the occurrence of nighttime FLR on the ground was little investigated. To our knowledge this study provides the first systematic survey of the infrequent nighttime FLR at low latitudes.
[25] The detection of FLR by the gradient method is inevitably tied to the signal to noise ratio and the amplitude of FLR which is a function of source strength and ionospheric damping. As the FLR frequencies examined in this study are mainly in the Pc 3-4 band, the upstream waves in the foreshock region are known to be an important energy source. In fact any variation in the solar wind dynamic pressure could also result in magnetopause perturbations, which in turn provide additional source energy. The compressional wave energy from these sources can travel to both dayside and nightside regions of the magnetosphere, coupling with the shear Alfvén wave that propagates along the field line. During daytime hours the high ionospheric conductivity sets a favorable stage for FLR excitation. During nighttime hours, the low ionospheric conductivity can either prevent the development of FLR or result in FLR with a lower Q and a greater resonance width [e.g., Newton et al., 1978; Glassmeier et al., 1984] . Detection of nighttime FLR by the gradient method, including the assessment of the optimal separation between ground stations, is an interesting subject that deserves further investigation.
[26] In our result the L-dependence of the equatorial mass density is inversely proportional to the flux tube volume, which has a slightly faster fall-off rate than that of the electron density (cf. Figure 7) . The inferred average ion mass (M i ) gradually decreases from 1.7 at L = 1.8 to 1 at L = 3.1, but the difference may not be significant considering the possible overestimation in density at low L-values due to the adopted function for field-aligned density. The electron density for comparison is the most recent RPI empirical model of the plasmasphere that is valid for L-values ranging from 1.6 to 4 [Ozhogin et al., 2012] . Some other plasmaspheric electron density models, such as those developed by Carpenter and Anderson [1992] and by Denton et al. [2006] , have lower fall-off rates of the electron density with respect to L and thus imply larger values in M i at inner L-shells, but the use of those models for L < 2.2 would exceed the model limit. Our observations were made during a period of low solar and geomagnetic activities. In disturbed times there can be more heavy ions in the outer part of the plasmasphere, and the average ion mass can increase with L [Berube et al., 2005] .
[27] We see an annual variation of the equatorial mass density in the plasmasphere that has also been seen in the electron density of the plasmasphere [e.g., Carpenter, 1962; Carpenter and Anderson, 1992] , in the ionospheric density (see review by Rishbeth and Müller-Wodarg [2006] ), and in the thermospheric neutral density [Müller et al., 2009] . Recently Menk et al. [2012] found that the annual variation of equatorial ion density at L = 2.5 is larger at American longitudes, where the asymmetry in solar illumination at conjugate ionospheres due to the configuration of the geomagnetic field is greatest. In the low-latitude topside ionosphere the electron density has a strong annual variation at all longitudes, despite longitudinal and latitudinal differences of this variation [e.g., Su et al., 1998 ]. The annual variation in thermospheric neutral density exists in both daytime and nighttime sectors [Müller et al., 2009] , and the longitude effect remains to be investigated. It is conceivable that the annual variation in the thermosphere may translate to a similar variation in the ionosphere and possibly in the plasmasphere. Observations covering a wider region combined with modeling studies would help further understand this phenomenon.
[28] This study presents a systematic study of the local time dependence of the plasmaspheric mass density inferred from FLR frequencies. Interestingly, none of the empirical plasmasphere models mentioned earlier indicates that the electron density is a function of local time, which means that, as a flux tube corotates with the Earth through different local time sectors, the replenishment or drainage of plasma by the underlying ionosphere has little effect on the electron density in the plasmasphere. In contrast, both physics models of the plasmasphere and event observations of middle-and low-latitude FLR suggest an increase in the plasma mass density during daytime hours. By using a physically realistic plasmasphere model, Poulter et al. [1984] showed that model eigenfrequencies of midlatitude field lines have a diurnal variation with maxima and minima at 0500 LT and 1800 LT, respectively. Observations of FLR events, such as in the study by Chi et al. [2000] using a pair of stations at L = 2, often find this gradual decline of FLR frequency due to the continuous outflow from the ionosphere during daytime hour. Using FLR observations at L = 1.8 and 2.8, Waters et al. [1994] also reported an early local morning increase in the plasma mass density, and they attributed the phenomenon to the heavy ion mass loading effects in the ionosphere around dawn. These processes of plasma supply from the ionosphere are expected to take place, but the ionization by solar radiation alone cannot readily explain our observations that (1) the density rise does not begin until noon, and (2) at certain L-values the density can continue to increase after dusk (cf. Figure 8) .
[29] We should note that the high level of plasma mass density at dusk hours is not an artifact due to the quarterwave modes resulting from the hemispheric asymmetry of the ionospheric conductivity [Allan and Knox, 1979] . We have seen in many daily plots a gradual decline of the FLR frequency from local noon to dusk (such as the example in Figure 4 ), which is different from the sharper transition between the quarter-wave and half-wave modes within 2 h of time as seen by Obana et al. [2008] . In addition, if the quarter-wave modes were important in our statistics, their impact on density estimation would have been found at all L-values examined rather than at only L = 2.1 and 2.7 as shown in Figure 8 . As the quarter-wave modes occur most likely around solstices and near the dawn and dusk terminators, we examined the local time distribution of FLR frequencies during the months close to equinoxes and found it to be statistically identical to that for the FLR frequencies for the entire year (not shown). In summary, the quarter-wave modes are not a statistical important part of the observed FLR frequencies in this study.
[30] On the other hand, the afternoon increase in plasma mass density resembles the distributions of thermospheric and ionospheric densities at low latitudes. Deriving the total mass density at 400 km altitude from CHAMP accelerometer measurements, Liu et al. [2005] discovered an anomalous distribution of thermospheric density that maximizes at about 20 -25 geomagnetic latitude on both sides of the equator between 10 and 20 magnetic local time. They also found that the electron density structure associated with the equatorial ionization anomaly extends from 10 MLT to postmidnight around 01 MLT, consistent with numerical modeling results [e.g., Maruyama et al., 2003] . These low-latitude density anomalies in the coupled thermosphere and ionosphere could result in a similar increase in plasmaspheric mass density in a limited range of L-shells between noon and midnight.
[31] We end this paper by noting a technical aspect of using ground-based magnetometers for FLR detection. It was a challenge to align all the nine McMAC magnetometers that span more than 2400 km on the same meridian, but the outcome is that our observations are essentially free from uncertainties due to local time separation. The good alignment also allows us to experiment with the separation distance and its impact on FLR detection. The appropriate separation should be comparable to the width of FLR, which depends on the Pedersen conductivity at the ionosphere and the radial gradient of the eigenfrequencies of field lines [e.g., Mann et al., 1995] . An additional consideration is that any two stations separated by a distance much less than 100 km should observe very similar waveforms because of the ionospheric screening effect [Hughes and Southwood, 1976] . Many studies have made successful FLR observations with a separation distance of~100 km, but Chi and Russell [1998] also found that the gradient method could work for distances as long as 800 km. We compared the number of the FLR events detected by the Bennington-Americus pair with those by five other pairs with longer distances of separation. For the convenience in comparison Bennington is the northern station for all pairs. The results for the normalized distribution of FLR detection are plotted in Figure 10 , which shows that the maximum rate of FLR detection dropped significantly when the separation in the north-south direction increased from 318 km to 708 km. Further increases in separation, however, only gradually reduced the maximum rate of detection. It was a surprise to us that the Bennington-Linares pair, with a separation of 1842 km, can still produce a detection rate of 5%. It is particularly interesting when we find that the Lyford-Linares pair with a shorter separation detected far fewer FLR events. We think that the stronger FLR amplitude observed by the station at higher latitude helps boost the signal to noise ratio in the cross-spectrum and enhance the detection rate. Large separations seem to work well for station pairs at low latitudes where the change in FLR frequency with respect to northward distance is gradual. A useful implication from this exercise is that one could allow larger separations between stations and construct more station pairs for FLR observations, enhancing the coverage of plasmaspheric sounding.
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